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The study of CP violation in B0s oscillations is a key measurement
at the LHCb experiment. In this document, we discuss the latest LHCb
results on the CP-violating phase, called φs, using B
0
s→ J/ψK−K+ and
B0s→ J/ψpi−pi+ channels. To conclude on the presence of New Physics in
φs, the estimation of the sub-dominant contributions from the Standard
Model becomes crucial now. We outline a method to estimate the contri-
bution of penguin diagrams in φs. Branching fractions and upper limits
of B0(s)→ J/ψK0Sh(′)+h− (h(′) = K, pi) modes are presented.
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1 Introduction
The interference between B0s mesons decaying directly via b→ ccs transitions to CP
eigenstates and those decaying after B0s -B
0
s oscillations gives rise to a CP violating
phase called φs.
Within the Standard Model, the decay can occur via two main topologies: the
predominant tree topology and the sub-leading penguin diagram. New Physics pro-
cesses, e.g., new particles contributing to the box diagrams, can modify the value of
φs:
φmeass = −2βs + ∆φpengs + δNP
The indirect determination via global fit to experimental data gives:
−2βs = 2 arg( VtsV
?
tb
VcsV ?cb
) = −0.0363 ± 0.0013 [7]. The theoretical uncertainty on φs is
mainly due to unknown penguin contributions ∆φpengs . The control of penguin pollu-
tion is limited by large theoretical uncertainties. Thus, experimental measurements
are very useful to constrain the contribution of penguin diagrams. Therefore, we
should estimate ∆φpengs , otherwise we may incorrectly interpret the Standard Model
penguin contributions as signs of New Physics. In Section 2, we summarize the mea-
surement of the CP-violating phase φs in B
0
s→ J/ψK−K+. In Section 3, we report
on a recent update of the same measurement using B0s → J/ψpi−pi+. The studies of
penguin pollution in φs and 2β are described in Section 4 and 5 respectively. A recent
result on the branching ratio of B0(s)→ J/ψK0Sh(′)+h− (h(′) = K, pi) modes is shown
in Section 6.
2 B0s→ J/ψK−K+
The purpose of this analysis is to mainly measure φs, the decay width difference ∆Γs
and Γs. B
0
s → J/ψ[→ µ+µ−]φ[→ K+K−] is pseudo-scalar decaying into two vector
mesons. The study of this decay requires an angular analysis in order to disentangle
CP-odd/CP-even mixture of the final state. After the statistical background subtrac-
tion [3], a fit to decay time (t) and three angles in helicity frame (Ω = θµ, θK , ϕh) is
performed in six bins of mKK [5]. To account for the detector and selection effects, the
decay time acceptance is taken from real data and the angular acceptance is studied in
the simulated data. The finite decay time resolution is modelled by a single Gaussian
of width Sσt × σt, where σt is the estimated per event decay time uncertainty, and
the scale factor, Sσt , is measured in a sample of prompt J/ψ → µ+µ−. The effective
resolution is 45 fs for B0s → J/ψφ. The B0s flavour, at production, is determined by
the combination of the same side kaon tagger and the opposite side taggers, which
gives the overall tagging power: (1 − 2ω)2 = (3.13 ± 0.23)%, where  indicates the
tagging efficiency, and ω the mistag rate [14]. Using 1 fb−1 of real data collected in
2011, LHCb obtained:
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φs = 0.07 ± 0.09 (stat) ± 0.01 (syst)
Γs = 0.663 ± 0.005 (stat) ± 0.006 (syst)
∆Γs = 0.100 ± 0.016 (stat) ± 0.003 (syst)
3 B0s→ J/ψpi−pi+
Another useful channel to measure φs is B
0
s→ J/ψpi−pi+. This decay is 97.7% domi-
nated by the CP−odd component, at 95 % C.L [4]. Nevertheless, an angular analysis
is needed to obtain the small CP-even component. We performed a six-dimensional
fit of B0s and pipi masses, time and the three helicity angles (mB0s , t, mpipi, Ω). The
decay time acceptance is determined in B0→ J/ψK∗0 channel and simulation, while
∆Γs and Γs are taken from B
0
s→ J/ψφ. This analysis aims to measure φs and |λ|, re-
lated to the direct CP violation. By following the same methodology as in B0s→ J/ψφ
channel to determine the effective decay time resolution, we obtained: 40fs. The tag-
ging algorithm achieved a power of: (1− 2ω)2 = (3.89± 0.25)%. It is found that five
interfering pi+pi− states are required to describe the data. These include the dominant
f0(980), as well as the f0(1500), f0(1790), f2(1270), f
′
2(1525). The resulting decom-
position of the pi+pi− invariant mass spectrum is shown in (fig. 1(a)). The projections
of angular distributions are shown in fig. 2.
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Figure 1: (a): Invariant mass of J/ψpi±pi∓. The (red) solid line shows the B0s , the
the (brown) dotted line shows the exponential combinatorial background, the (green)
short-dashed line shows the B± background, the (magenta) dot-dashed line shows
the B0 signal, the (light blue) dashed line represents some misreconstructed decays,
the (black) dot-dashed line is the B0→ J/ψK±pi∓ reflection and the (blue) solid line
is the total. (b): Unofficial overview of the current experimental constraints in the
φs-∆Γs plane, modified compared to the original [8] to include these results as well
as the summer 2014 updates from Atlas [10] and CMS [9].
LHCb analysed 3 fb−1 of B0s→ J/ψpi−pi+ collected in 2011 and 2012. Assuming
that there is no direct CP-violation (|λ| = 1), the CP violating phase, φs, is:
2
φs = 0.075 ± 0.067 (stat) ± 0.008 (syst)
If the direct CP-violation, represented by |λ|, is floating, we obtained:
φs = 0.070 ± 0.068 (stat) ± 0.008 (syst)
λ = 0.89 ± 0.05 (stat) ± 0.01 (syst)
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Figure 2: Projections of the three decay angles. The signal fits are shown with (red)
dashed lines, the background with a (black) dotted lines, and the (blue) solid lines
represent the total fits. The difference between the data and the fits divided by the
uncertainty on the data is shown below.
A preliminary combination of 3 fb−1 B0s→ J/ψpi−pi+ with 1 fb−1 B0s→ J/ψK−K+,
gives:
φs = 0.070 ± 0.054 ± 0.011
This measurement is consistent with the Standard Model but there is still room for
New Physics. A comparison of the LHCb result with those of other experiments is
shown in fig. 1(b)
4 Estimating penguin pollution in φs with B
0
s →
J/ψK
∗0
A sample of B0s→ J/ψK∗0 is taken as a control channel because the penguin diagrams
are not suppressed in this decay. While in the B0s→ J/ψφ channel, the penguin process
is suppressed, by λ2 ∼ 0.05, relative to tree diagram. ai and θi are defined as penguin’s
parameter for B0s→ J/ψφ [2]. There are two penguin parameters for each of the three
polarizations of final states: i = 0,⊥, ‖: aieiθi = (1− λ22 ) |Vub/(λVcb)|
[
P iu+P
i
t
T ic+P
i
c−P it
]
. With
λ ∼ 0.22, penguin amplitude is: Pq, q = u, t, c, and the tree amplitude is represented
by: Tc. a
′
i and θ
′
i are the penguin parameters for B
0
s→ J/ψK∗0. In order to connect
both channels, penguin parameters in B0s→ J/ψφ and B0s→ J/ψK∗0, are supposed
equal, using the approximations of SU(3) flavour (quarks u, d, s are identical):
3
Figure 3: Feynman diagrams contributing to the decay B0s → J/ψhh− within the
Standard Model. Left: tree; right: penguins.
ai = a
′
i, θi = θ
′
i
Therefore, a shift on φs due to penguin diagrams, is calculated for each polariza-
tion: tan(∆φi,pengs ) =
2ai cos θi sin γ+
2a2i sin 2γ
1+2ai cos θi cos γ+2a2i cos 2γ
, where  = λ
2
1−λ2 . From the experimental
point of view, there are two observables for each polarization (i = 0,⊥, ‖): The first
one, Hi, is proportional to the ratio of branching fractions of the 2 channels, multi-
plied, respectively, by the corresponding polarization fractions. The products of the
decay can be in three polarization states: longitudinal, parallel and perpendicular.
This requires an angular analysis to disentangle those states. The factor
∣∣∣ AiA′i ∣∣∣2 is a
critical SU(3) breaking factor calculated theoretically with a big error.
Hi =
1− 2ai cos θi cos γ + ai2
1 + 2ai cos θi cos γ + 2ai2
=
1− λ2
λ2
∣∣∣∣AiA′i
∣∣∣∣2 f
i
J/ψK
∗0 .BR(B0s→ J/ψK∗0)
f iJ/ψφ.BR(B
0
s→ J/ψφ)
(1)
The second observable is the direct CP violation in B0s→ J/ψK∗0:
ACPi =
2ai sin θi sin γ
1− 2ai cos θi cos γ + a2i
=
ΓiB0s − ΓiB0s
ΓiB0s + Γ
i
B0s
(2)
Hi and A
CP
i form a non trivial system of two equations with two unknowns : ai and θi
that lead to the shift on φs, ∆φ
i,peng
s . In this channel, an angular analysis is required
to calculate the polarization amplitudes. The presence of P and S-wave in the Kpi
system has to be studied carefully. Using 0.37 fb−1, a fit to mass, angles has been
performed and gave [5]:
BR(B0s→ J/ψK∗0) =
(
4.4+0.5−0.4 ± 0.8
)
× 10−5
fL = 0.50± 0.08± 0.02, f‖ = 0.19+0.10−0.08 ± 0.02
In order to determine penguin pollution in B0s→ J/ψφ, a measurement of the direct
CP violation, in B0s→ J/ψK∗0, is needed. To do so, one has to split the data sample
into K+pi− and K−pi+. A direct CP violation measurement and an update, with 3
fb−1 , of the branching ratio and polarization fractions are ongoing.
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5 Estimating penguin pollution in 2β with B0s →
J/ψK0S
B0s→ J/ψK0S is the ultimate tool for controlling penguin diagrams in B0→ J/ψK0S .
This requires a CP analysis in B0s→ J/ψK0S [2]. LHCb published a previous analysis
of B0s→ J/ψK0S with 1 fb−1 of real data [6]:
BR(B0s→ J/ψK0S) = (1.97± 0.23)× 10−5, τ eff = 1.75± 0.12(stat)±0.07(syst) ps
A CP analysis is ongoing, as well as an update of the branching ratio with full LHC
run 1 data.
6 B0(s)→ J/ψK0Sh(′)+h− (h(′) = K, pi)
This analysis could help, with high statistics, in the measurement of φs. It’s also
interesting for spectroscopy measurements and the search for exotics [1].
New branching fraction measurements of B0(s)→ J/ψK0Sh(′)+h− (h(′) = K, pi) have
been performed with 1 fb−1 of real data. The channel B0→ J/ψK0Spipi is confirmed
and first observations of B0s→ J/ψK0SKpi and B0→ J/ψK0SKK are published with
more than 7σ.
In the first place, B0→ J/ψK0Spipi has been measured relative to B0→ J/ψK0S.
Using B0→ J/ψK0Spipi updated branching fraction, all others modes are measured as
you can see below:
7 Epilogue
While completing these proceedings, several important new results have been ob-
tained. LHCb updated the measurement of the CP-violating phase φs with 3 fb
−1 [12],
and put limits on penguin effects in φs [11]. The shift in φs is limited to be within
5
the interval [-1.05◦, 1.18◦] at 95% C.L. HFAG collaboration updated the the φs-∆Γs
plane [13].
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